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Introduction
The Indiana Department of Transportation (INDOT) manages right-of-way vegetation on 11,000 miles of roadside. According to INDOT maintenance records, mowing is currently the main form of vegetation management on Indiana roadsides, constituting the third largest time commitment for INDOT employees. While mowing is an important vegetation management tool, it is also expensive, often promotes weeds, and only offers temporary relief from broadleaf weed and grass height concerns. Incorporation of multiple management tools as part of an integrated vegetation management (IVM) program has helped multiple state agencies develop an efficient and effective roadside vegetation program.
The first portion of this study examines the use of herbicide and mowing at six sites throughout the state of Indiana. Two mowing treatments, six herbicide treatments, and an untreated control were compared for their ability to decrease broadleaf species cover and maintain grass height. Mowing treatments included a onecycle mowing treatment consisting of an early growing season mow (late May to early June 2011) and a two-cycle mowing treatment consisting of both an early (late May to early June 2011) and late growing season mow (August 2011). Herbicide treatments were foliar applied in May 2011 and included tank mixes consisting of aminopyralid (MilestoneH), imazapic (PlateauH), 2,4-dichlorophenoxyacetic acid (2,4-DH) metsulfuron methyl (EscortH), and aminocyclopyrachlor (PerspectiveH, ViewpointH and StreamlineH).
For the second portion of the study, four native seed mixes (western wheatgrass, short grass, tall grass, and short grass with forbs) were evaluated for use as alternatives to traditional nonnative roadside vegetation. Determination of successful planting was based on density of planted species one year after planting at six sites throughout the state of Indiana.
Findings
This study evaluated three IVM tools: herbicide, mowing, and native species. Herbicide and mowing were evaluated for management of broadleaf weeds and grass height. Native plantings were evaluated as alternatives to traditional vegetation.
Herbicide Treatments
Broadleaf cover in all six herbicide treatments was reduced rapidly and remained low for 12 months after application. Informal observations also suggest reduced broadleaf presence at 24 months. All herbicide treatments also kept grass under 15 inches for three months after application. All six herbicide treatments regulated grass height equally, therefore we saw no added grass height management benefit in treatments containing imazapic. These results may differ during years with less severe droughts. It was calculated that average herbicide application on INDOT roadsides costs $36/mile and could cover 60 miles/day.
Mowing Treatments
Mowing treatments offered no decrease in broadleaf cover at any point during this study. Grass mowed early in the growing season regrew 7 inches in just two weeks, while grass mowed late in the growing season only regrew 1-3 inches in two weeks.
Therefore, waiting until later in the growing season (after all grasses have gone to seed) would result in the longest lasting results for a mowing cycle. One cycle of mowing cost costs $64/ mile and can cover 18.5 miles/day, making it a slower and more costly option than any of our herbicide treatments.
Native Plantings
One year after planting, research sites averaged 1.7 native plants per square meter, covering only 6% of the planted area. However, informal visual observations two years after planting suggest that some sites may have become successful. Low cover of native species was likely due to two years of drought. We therefore suggest that native plantings be planned for non-drought years whenever possible, and that further research into planting densities and species selection during drought years be investigated. Weed competition was also a main concern, showing the importance of site preparation prior to planting. Western wheatgrass was the most successful grass species and native forbs were fairly successful at two of the sites.
Implementation
An overall reduction in mowing is essential to reducing vegetation management costs. This can be done by altering current mowing cycles, including herbicide, and planting native species. The results of this study show that a selective broadleaf control herbicide, with the possible addition of growth regulators, offers a longer lasting solution to weed and height control than mowing. A cost savings of over 40% can be achieved with one application of herbicide in lieu of one cycle of mowing. Visual observations showed that one herbicide application reduced broadleaf weed presence not only in the year applied, but also for the two growing seasons that followed. This potential of three years of weed control on INDOT roadsides offers greater cost savings than originally thought. Planting native vegetation offers the potential for even further cost savings by eliminating multiple mowing and herbicide cycles once established.
Research findings were presented at multiple trainings for INDOT, vegetation management organizations, academic programs, and to the public. Many changes to vegetation management on INDOT roadsides have been instituted during the time frame of this project, in part due to the findings presented at these meetings. The timing of the first mowing cycle has been moved to later in the growing season, when grasses will grow less quickly after being cut. Regulations on mowing heights have also been changed in order to prevent killing turf by mowing grass too short. Also, large scale herbicide treatments are being tested, as well as an emphasis on broadleaf control.
Further reduction in mowing cycles may be achieved with native roadside plantings. INDOT has already successfully incorporated native plantings into right-of-ways as part of the Hoosier Roadside Heritage Program. The cost of management in these areas has required drastically less maintenance than the traditional roadside. Although this study resulted in only low cover of native plants the year after planting, visual observations two years after planting show that some sites may indeed be successful. Therefore, further data collection should be conducted to determine success. This study also shows a need for further research into planting during drought years, including planting rates, seed mixes, and management. Lastly, this study shows the importance of site preparation before planting, as well as the large problem that invasive species cause to roadside plantings. LIST OF TABLES Table  Page   Table 2 .1 Management components of herbicide and mowing treatments 5 The Indiana Department of Transportation (INDOT) manages right-of-way vegetation on 11,000 miles of roadside. According to INDOT maintenance records, mowing is currently the main form of vegetation management on Indiana roadsides, constituting the third largest time commitment for INDOT employees. This large labor demand results in high maintenance costs. In 2011, INDOT spent over five million dollars on in-house swath and spot mowing; an additional two million was spent on contract mowing. Incorporating other management tools, such as herbicide and native species, may help to reduce vegetation management costs by creating a more stable vegetative community that resists invasion from undesirable plant species.
Integrated Roadside Vegetation Management
Properly maintained roadside vegetation helps to minimize erosion, improve drainage, support infrastructure, and allow a safe line-of-sight for drivers (1) . A successful vegetation plan controls weeds, enhances desirable vegetation, is environmentally sound, visually pleasing and cost effective (2) . Integrated vegetation management (IVM) is a tool for assessing and maintaining desired plant populations by utilizing multiple management tools (2, 3) . IVM is a proactive approach to vegetation management (4) that involves an understanding of the biology and ecology of problematic plant species (5) .
Traditional vegetation management is often highly dependent on mowing as the main or only management tool; however, mowing tends to favor invasive and other weedy species by negatively disturbing vegetation and creating opportunities for weed growth (6, 7) . Incorporating multiple tools as part of an IVM plan (see section 1.3) alters the disturbance regimes in order to give desirable plants a competitive advantage over weeds and invasive plant species (8).
Roadside Weeds
Weed definitions vary, but in general weeds are considered to be any plants that are undesirable, interfere with human activities, or displace desirable plants (9) (10) (11) . On roadsides, this would include plants that cause safety or aesthetic concerns, as well as any noxious weeds that federal and state governments deem a priority to control (1) . Harsh growing conditions and frequent disturbance from both maintenance and traffic make roadsides an ideal habitat for weeds (12) (13) (14) , which often can tolerate the high-light, poor soil, pollution and disturbance better than traditional turf species (13) .
Noxious weeds and invasive species are aggressive, adaptable, and hardy, allowing them to out-compete native plant species and other desirable plants for resources (15) . Roads often act as weed corridors; invasive species spread along these roadside corridors, as well as into adjacent land (7, 16, 17) . Invasive plants have the ability to take advantage of fluctuating resources (e.g., increased space and light) released during disturbance (e.g., mowing or tire ruts) and often rebound at a rapid rate, and high density (18) . These weeds produce large amounts of seed that can remain viable in the soil for years (19) . Many weed seeds and vegetative parts are carried to roadside habitat by cars and mowing machinery, or come from adjacent land (7) . In addition, several weedy species have been purposely planted. For example, crown vetch and honeysuckle were introduced to roadsides a few decades ago for their quick growth and erosion control, only to become weedy and invasive (20).
IVM Management Tools
Vegetation management tools can be categorized as mechanical (i.e., mowing, trimming), manual (i.e., chainsaws, string trimmers), chemical (i.e., herbicides), biological (i.e., insect, animals, plant pathogens) or cultural (i.e., native species, treatment timing, fire). A successful IVM plan will utilize several of these tools in order to achieve pre-established vegetation management goals (2, 21, 22) . Management plans that utilize only one tool often have limited success, and tend to worsen the weed problem (21, 22 ). An understanding of vegetation management tools and the effect they have on the plant community are important to designing an IVM program. This study focused on herbicide (chemical), mowing (mechanical) and the use of native species (cultural) as parts of an IVM program.
Mowing
Mowing is the most common form of vegetation management for transportation agencies across the country (23) . It is also expensive; with the high cost being attributed to short lasting results, need for multiple treatment cycles, heavy fuel use and large labor demands (24) . While mowing can control smallscale invasions of certain species, it is highly dependent on the type of roadside vegetation and proper application including timing, frequency and height (25, 26) .
For best weed control, mowing should occur when weeds are beginning to flower but when desirable species are dormant (26) . Annuals and second-year biennials are most susceptible to mowing during the early stages of flowering (25) (26) (27) . One properly timed mowing may be sufficient to prevent seed set depending on the amount of energy remaining in the plant and the resources available (25, 26, 28) .
Frequency of mowing for weed control depends on individual species' responses to being cut. Tolerance of mowing differs by species and depends on growth rate, the number and location of growing points, and the ability to compensate for the temporary loss of energy (food) production that occurs after defoliation (25, 26) . For example, a study of annual sow thistle on rangeland showed control of the weedy species with just one mowing cycle during a drought year. The combination of drought and defoliation was enough to limit recovery of sow thistle after mowing in that year (28) . Although mowing can have beneficial results on some weeds, others respond to mowing with increased vigor (25, 26) .
Cutting height is another important factor. Cutting too short (i.e., fewer than six inches) can disturb soil, create bare patches and damage desirable grasses (25) . Grass can, however, be cut short once dormant for the season without harm to the plant (25, 26) . From a weed management perspective it is suggested that weeds are mowed at a height that removes the flower portions of the weed species while leaving the desirable vegetation (e.g., roadside turf grass) intact (25, 26) .
While proper mowing (timing, frequency and height) can be used as a successful tool for weed control, roadside managers must often manage large areas with multiple weed species. Annual species that may be controlled with properly timed mowing are found growing alongside species that respond with vigor when cut, making it difficult to use mowing as a weed management tool on a large scale for swath mowing.
Herbicide
Herbicides kill plants or suppress their growth by disrupting plant growth processes. Non-selective herbicides affect all vegetation because they contain chemicals that affect biological processes found in all plant species. Selective herbicides, on the other hand, target biological processes that only occur in specific plant groups (e.g., broadleaves). Two common types of selective herbicide for roadside use are selective broadleaf control herbicides for broadleaf weed control, and ''plant growth regulators'' (PGR) for grass height regulation.
Selective broadleaf herbicides target broadleaf weed species. Commercial formulations of these products may contain one or more active ingredients. The chemistry of these active ingredients determines which broadleaf species will be affected (1). Residual herbicides can prove useful for many sections of roadside because they remain active in the soil for a specified time period after application, thus preventing seed germination or root growth. It is common practice to ''tank mix'' (blend) multiple commercial products. While this allows for a large range of target species, it also requires knowledge of the chemicals and their synergistic effects. Although some selective broadleaf herbicides have qualities that also regulate grass growth, others are commonly blended with PGRs. PGRs suppress cool season grass growth for part of the growing season, offering more control over vegetation height (29) (30) (31) (32) (33) .
Herbicide can be an effective, reliable, cost-effective, safe, and easy-to-use vegetation management tool for roadsides. It is especially useful in areas that are hard to reach with mowers, such as guard rail and steep slopes. Several factors should be taken into account when determining which herbicide products to use, including selectivity, residual properties, restrictions of use, mobility in soil, drift potential, environmental safety, ease of use, and cost. Selected herbicides should control the target weed species with minimal off-target issues (1).
Native Species
Planting native species on roadsides is one of many forms of cultural vegetation control. Although a complete restoration back to native habitat is neither possible nor desirable for roadside vegetation, native plantings can have many benefits for road managers and the environment (34) .
The establishment of self-sustaining native vegetation can reduce management costs by limiting the amount of mechanical and chemical controls that need to be used to manage weeds. Stands of diverse native grass and forbs have greater potential to limit invasive species and other weeds through competition (7, 35) than traditional roadside turfgrass species (8) . In addition, low-growing native species can meet visibility requirements (36) . Selection of proper native species therefore could reduce management needs for weed control and height concerns.
Native roadside plantings also have many ecological benefits beyond their potential to limit invasive species. Native plantings can create wildlife habitat (6, 37, 38) and can act as corridors connecting fragmented habitats (6, 39) . This allows plants, insects and wildlife to disperse between areas that would have otherwise been inaccessible. In addition, deep root systems of native prairie plants help prevent erosion (40, 41) , as well as enhance water quality by filtering pollution, reducing runoff and preventing siltation (40, 42, 43 ).
Conclusion
Recognizing the value of an IVM approach, INDOT has developed some of the physical and logistical mechanisms needed for implementing an IVM plan. Specifically, the Hoosier Roadside Heritage Program, INDOT's native seed program that provides seed for plantings across the state (44, 45) , has greatly decreased the costs typically associated with native planting programs. In addition, INDOT has developed designs to convert de-icing trucks into herbicide spray trucks during non-winter months. With these programs in place, INDOT was in need of a scientific study that demonstrated the feasibility of IVM practices on a large scale.
This study examines multiple components of an integrated vegetation management plan for INDOT roadsides, including mowing, selective broadleaf control, plant growth regulators and native species plantings. Chapter 2 examines how herbicide and mowing treatments compare in terms of weed control, height reduction, and cost. Chapter 3 examines native seed mixes as an alternative to traditional roadside turf mixes.
COMPARISON OF MOWING AND HERBICIDE FOR WEED & HEIGHT CONTROL ON ROADSIDES

Introduction
With over four million miles of road in the United States (46) , transportation agencies must manage roadside vegetation to control invasive and weedy species, as well as to maintain a safe vegetation height for the motoring public. To more effectively maintain roadside, managers are progressing toward integrated vegetation management (IVM) (2) . An understanding of vegetation management tools and their effect on the plant community is important to designing a successful IVM program. Mowing and herbicide application are two common practices in IVM. The success (or lack of success) of both of these tools in managing vegetation is dependent on how they impact the growth of current vegetation. This impact can come in the form of plant death, defoliation, or stunted growth. The frequency (e.g., number of annual mowing cycles or herbicide applications), timing (e.g., which season or during what plant growth stage), and intensity (e.g., mowing height or herbicide efficacy) of vegetation management play an important role in determining how the vegetation is impacted (25, 26) . Changes to current management practices may allow transportation agencies to control weedy species and vegetation height more effectively and efficiently.
Broadleaf Weeds
Herbaceous broadleaves can cause line-of-sight obstructions and are often weedy or invasive species. Although not all broadleaves are a concern, roadside vegetation management often aims to reduce the total presence of broadleaf species on roadside in order to minimize risks and maintain vegetation heights at approximately 8 to 12 inches (20 to 30 cm). If used properly, mowing or herbicide can shift the roadside plant community toward a grass-dominant right-ofway (47) . This shift is attributable to differences in the growing characteristics of different plant species including how fast it grows, growth stage (e.g., seedling, rosette, flowering), number/location of growing points (area of the plant were cells multiply and vegetative growth occurs), and life cycle (e.g., annual, biennial, perennial) (25, 26) .
Mowing to control broadleaves is most effective during the flowering stage, when energy (food) storage is highest in above ground tissue (47) . Mowing at this time reduces seed output and can limit regrowth because most of the plant's energy has already been consumed (25) (26) (27) 47) . For annuals and second year biennials, one properly timed mow may be enough to prevent seed dispersal for that year (25, 26, 28) . However, many roadside species show little control from mowing or respond with increased vegetative growth when cut (25, 26) . First year biennials, herbaceous simple perennials, and creeping perennials have growing points and energy storage either at or below the soil surface. In many cases, mowing does not harm these growing points or meaningfully decrease stored energy (11), thus allowing for consistent regrowth (47) (48) (49) (50) .
The diversity of roadside weeds and the scale at which transportation agencies must manage vegetation make it difficult to utilize mowing as the sole maintenance tool (26) . For this reason, IVM programs often utilize selective broadleaf control herbicides to manage broadleaves and other vegetation (2) . The impacts of herbicide use are highly dependent on plant characteristics (e.g., growth stage, leaf shape, cuticle, and height), herbicide characteristics (e.g., mode-ofaction, rates) and their interactions (e.g., selectivity, penetration, translocation, and metabolism). Selectivity in herbicide can allow for the removal of target weed species without unnecessary harm to desirable species. The ability to remove specific weedy plants allows for desired turf species to utilize the light, space, water and nutrients that may have otherwise been consumed by the weeds. When large weed infestations are removed, it is important to limit the amount of weed reemergence in order to allow time for desirable species to fill in the area. For this reason, herbicide mixes utilized on roadsides often contain ''residual'' properties, meaning they remain active in the soil to prevent reemergence of the plant by killing or injuring germinating weed seedlings (11).
Grass Height
Once the shift to a grass-dominated roadside has occurred, management can focus attention on maintaining grass at a safe height. The criterion for safe vegetation height varies among transportation agencies in the U.S., with desired height maximums ranging from 30cm (12 in) to 56 cm (22 in) (51) . Unlike broadleaf management, the goal for managing grass height is to minimize regrowth without permanent harm to the plant.
Successful grass height control is dependent on the frequency, timing, and cutting height of mowing cycles (51) . Many states recommend a 15 cm (6 in) mowing height (51) . Because grasses have growing points at the soil surface (52), mowing does not halt growth and the plant will continue to grow until seed formation, inadequate weather, or resource (water/nutrient) depletion. This capability of grasses leads many managers to arrange for intensive mowing (e.g., multiple annual cycles and short cutting heights) of roadsides to keep grass at desired heights. However, mowing every month or even every two months (53), or mowing fewer than 5.1 cm (2 in) (54), has been shown to reduce energy storage, eventually harming grasses. Studies suggest that mowing once a year, either at the beginning or end of the growing season, or every three months allows grass to store the most energy in stem bases and basal crowns (53) . This allows grass adequate time to replenish energy stores between mowing cycles, thus resulting in less killing of turf.
The application of growth regulation herbicides can help limit grass growth between mowing cycles. While the desired result of broadleaf herbicides is to kill the plant, plant growth regulators (PGR) are applied to alter plant growth without killing the plant (55) . Imazapic, a common growth regulator used on roadside turf, is in the amino acid inhibitor herbicide class and works by interrupting plant cell growth (11) . In addition to imazapic, many herbicide chemistries utilized for broadleaf control also slow grass growth without killing the grass.
Objectives
The main objective of this study was to compare two mowing and six herbicide treatments for control of broadleaf species prevalence and grass height growth. This study set out to mimic the herbicide and mowing procedures of the Indiana Department of Transportation (INDOT) and included large-scale test plots that focused on real-world application. Study sites were located on roadside and represented a comprehensive range of roadside conditions. Success of broadleaf control was evaluated based on the comparison of visual percent cover estimates taken prior to the beginning of the study (Month 0) and the percent cover at five inventory times thereafter (Months 1, 2, 3, 4, and 12). Treatments with the highest reduction of broadleaf cover were considered most successful. Vegetation height measurements were taken at the same time as percent cover data. Grass height regulation was evaluated based on two factors: if grass was kept below the maximum height for safety, and how long the reduced height lasted after mowing or herbicide application.
It was predicted that herbicide would provide better broadleaf management and grass height regulation than either mowing cycle treatment. In particular, it was predicted that treatments containing the new herbicide aminocyclopyrachlor would provide more broadleaf control than other established herbicide chemistries such as 2,4-D, to which some plant species are developing a resistance (56) (57) (58) . Lastly, it was predicted that grass would remain shorter in treatments containing the PGR imazapic in addition to selective broadleaf chemistries.
Methods
Installation
Six sites were located throughout the state of Indiana; one in each of INDOT's management districts (Figure 2 .1). Sites were evenly distributed between Indiana's southern, central, and northern regions in order to compare regional differences among treatments. Sites were located on state roads (La Porte, Crawfordsville, and Seymour Districts), medians (Fort Wayne and Greenfield Districts) and interstate (Vincennes District). Each site consisted of approximately 24.1 km (15 mi) of roadside with at least 5.5 m (18 ft) of vegetation between the road and adjoining property. Selected sites were relatively free of lawns, bypasses, bodies of water, or other areas where herbicide application was not feasible.
Each site contained three plots of each treatment. Plots were 0.8 km (0.5 mile) long by 5.5 m (18 ft). This large plot size was chosen in order to accommodate the full herbicide spray width and allow INDOT managers to compare treatments. Permanent sampling points were established within plots in order to identify changes in species composition over time. Each plot had five sampling points, spaced 100.6 m (330 ft) apart and 2.7 m (9 ft) from the shoulder.
Treatments
Treatment selection was based on current INDOT management practices and designed to simulate realworld vegetation management. Mowing is the most common form of roadside vegetation management for INDOT, as well as transportation agencies across the country (23) . At the time of this study, standard INDOT mowing practices involved one to three annual mowing cycles beginning in late May or early June. Herbicide practices varied greatly between INDOT districts and subdistricts in terms of product preferences and frequency of use. For this study, two mowing treatments, six herbicide treatments, and an untreated control were compared for their effectiveness in reducing broadleaf species cover and grass height. The untreated control received no herbicide or mowing, with the exception of a few spot treatments of the invasive species Johnsongrass at the southern sites, for legal and safety purposes.
Mowing treatments included a one-cycle mowing treatment (consisting of an early growing season mow) and a two-cycle mowing treatment (consisting of both an early and late growing season mow). The early season mowing occurred in late May in the southern portion of the state and early June in the northern regions; approximately two weeks after herbicide application in the herbicide treatments at all sites. The late season mowing occurred in August, approximately three months after the first mowing cycle. Exact heights were not recorded directly after mowing, but mowing height was set to approximately 20 cm (8 in), which falls within the mowing height range suggested by INDOT. Mowing was performed by INDOT using standard commercial mowing equipment.
Herbicide treatments included selective broadleaf control and grass growth regulation mixes. Because vegetation control depends on the herbicide's mode-ofaction, it is common practice to mix herbicides to achieve control over a wider range of target species. This is of particular importance because a wide range of weeds can be found along stretches of roadside. For this study, seven products were mixed in various combinations to create the six treatment mixes (Table 2 .1). Herbicide treatments T1-T3 were tank mixes currently in use on INDOT roadside vegetation and included combinations of the selective broadleaf chemistries 2,4-dichlorophenoxyacetic acid (2,4-DH), aminopyralid (MilestoneH), and metsulfuron methyl (EscortH), as well as the grass growth regulator imazapic (PlateauH). Treatments T4-T6 contained products that were new on the market including PerspectiveH, ViewpointH and StreamlineH. These latter three treatments all included the newer chemistry aminocyclopyrachlor, which comes pre-mixed with other chemistries meant to offer both broadleaf and grass regulation. Imazapic was added to one of the PerspectiveH treatments to evaluate any synergistic grass regulation responses from mixing these chemistries. A non-ionic surfactant, Invade 90, made up 0.25% by volume of all tank mixes.
Herbicide treatments were applied with a research sprayer designed to accurately simulate the equipment, technology, and process used by managers when treating roadsides (Figure 2.2) . Tank mixes were applied using six 378.5 L (100 G) tanks on a skid sprayer pulled at 12 mph. A Raven Flow MeterH was used to regulate an approximate pressure of 175 kPa (25 lbs/in 2 ). A XP BoomJetTM H nozzle was utilized and produced a spray pattern 5.5 m (18 ft) wide at a rate of 230 L/ha (25 gal/ac). Application began at the southern sites in early May 2011, moving northward over a period of three weeks.
In addition, three of the six herbicide treatments received an initial-cut (i.e., an early season mowing that occurred during the same time mowing treatments received their early growing season mow). One site from each region was selected for this initial cut in herbicide plots: La Porte (northern region), Greenfield (central region), and Vincennes (southern region) District sites. These treatments were also mowed at a height of 20 cm (eight inches). This decision was made in response to the delay in herbicide application due to weather conditions. Daily precipitation made it difficult to plan application times when herbicide would have at least two hours to become rainfast. Flooding also blocked roads and required the majority of INDOT resources. By the time flooding subsided, much of the vegetation was already taller than desired with some species already having gone to seed. Mowing addressed any safety and aesthetic concerns while at the same time allowing more data on plant growth regulation and seedhead suppression. This was also standard operating procedure for INDOT and ensured the research was conducted under real world policies. While this did affect grass height data, no differences were seen in broadleaf cover between sites with and without this initial-cut.
Vegetation Inventories
Preliminary vegetation inventories (Month 0) for all treatments were taken at the time of herbicide application in May 2011. Subsequent inventories were taken at one, two, three and four months after application, as well as a final inventory one year (Month 12) after application. The final inventory occurred in May 2012 prior to the first mowing cycle of the season. Maximum height and percent cover were recorded for each species rooted within a 1-m 2 hoop placed at each sampling point. Pictures were taken at the same location at each inventory time in order to compare changes in vegetation. Each black or white block on the right of the photoboard (as seen in photographs at end of this chapter) is 2 inches while each center block is 1 foot).
Results
All herbicide treatments reduced broadleaf weeds for over a year and regulated grass growth for multiple months. Mowing treatments showed no broadleaf reduction, and grass cut during the early mowing cycle grew back rapidly. Pictures of treatments can be seen in the conclusions (section 2.5).
Broadleaf Control
Prior to the start of the project, the Vincennes site had two to four times more broadleaf cover of any other site, with 27% broadleaf cover compared to the 6-12% broadleaf cover at the other five sites ( N Herbicide Plots: Herbicide offered the best broadleaf weed management, with broadleaf cover decreasing rapidly (from an initial 13%, to 2% within the first month) and remaining low (,2%) throughout the entire growing season and even into the following growing season. The initial decrease in broadleaf weed cover led to a temporary increase in bare ground; however, this bare ground began filling in with grass by the second month. All six herbicide treatments showed similar results in overall broadleaf control. Visual inspection of sites two years after application shows that herbicide treatments still had reduced broadleaf cover.
N Mowing Plots: Neither mowing treatment decreased the presence of broadleaf weeds. Although mowing removed the upper portion of the broadleaf weeds, thereby making them less visible for a short period of time, the amount of broadleaf cover present in these plots did not decrease. The amount of bare ground in mowing treatments continually decreased over time, as plants (both grass and broadleaf weeds) grew throughout the growing season. Overall, mowing treatments showed no control over broadleaf weed.
A total of 37 different species were recorded at the study sites prior to any research management practices.
Greenfield had the fewest broadleaf species (14 species), while Vincennes had the most (24 species). Only nine species (Lotus corniculatus, Conyza canadensis, Plantago lanceolata, Trifolium repens, Melitotus sp, Trifolium pretense, Daucus carota, Cichorium intybus, and Taraxacum officinale) averaged over 0.5% cover across all sites and none were above 2% cover. The number of broadleaf species increased in the one-cycle mowing treatment (34 species), two-cycle mowing treatment (32 species) and control (30 species) within the year. The number of broadleaf species in herbicide treatments decreased (average of 9 species) after a year, with individual treatments ranging from five species in T5 to 12 species in T6. The species found within herbicide (see Table 2 .1 for treatment descriptions). treatments one year after application included Lotus corniculatus, Conyza canadensis, Plantago lanceolata, Trifolium repens, Melitotus spp., Trifolium pratense, Daucus carota, Cichorium intybus, Taraxacum officinale, Solidago spp., Plantago major, Asclepias verticillata, Ambrosia artemisiifolia, Cirsium arvense, Convolvulus arvensis, Xanthium sp., Euphorbia esula, Portulaca sp., and Leucanthemum vulgare. None of these species averaged above 0.2% cover and no differences were seen among treatments.
Grass Growth Regulation
Sites were divided into two groups for height analysis: initial-cut (Fort Wayne, Greenfield and Vincennes Districts) and no-initial-cut (La Porte, Crawfordsville, and Seymour). Initial-cut sites were those in which herbicide treatments received an early season mowing cycle. Although the graphs are displayed separately (Figure 2.6 ), similar trends were seen in both of these groups. These trends are as follows:
N Control: As would be expected, grass in control plots was taller than grass in all other treatments. This was true throughout the four months of height data analyzed, although some treatments reached heights close to those in the control by Month 4. Despite not being managed, grass height remained below an average of 76 cm (30 in), which may be an acceptable height in many locations. Rapid growth occurred between Months 0 and 1 of this study (May into June) when height nearly doubled, growth then slowed or height decreased during the summer heat. 
Discussion
This study evaluated the use of herbicide and mowing as IVM tools to control broadleaf weeds and grass height on Indiana roadsides. All herbicide treatments contained chemicals designed to both control broadleaves and regulate grass growth. As predicted, herbicide treatments controlled broadleaves and suppressed grass growth better than mowing treatments. All six herbicide treatments had similar results in regards to both grass and broadleaf management. Broadleaf Control. Determination of broadleaf control was based on how well treatments minimized broadleaf cover. As expected, herbicide treatments provided the greatest control over broadleaf weeds; providing rapid decreases (from 13% to 2% within one month after application), and control throughout the study period (1% one year after application). Although there were differences in the effect of herbicide treatments at Month 1, all herbicide treatments reduced broadleaf cover relative to mowing. At Month 2 and thereafter, all herbicides performed equally in broadleaf reduction, and there were also no differences in control of any individual broadleaf species. The prediction that newer herbicide chemistries would provide more broadleaf control than 2,4-D was therefore not supported; however, weed species with reported resistance to 2,4-D, such as Amaranthus palmeri, were not common within our study sites. Consequently, we cannot suggest one herbicide treatment over another based on broadleaf weed control alone.
In contrast, mowing treatments showed no decrease in broadleaf cover over time and had levels equivalent with those found in control plots, which received no management. Although mowing treatments did not affect broadleaf cover in this study, the disturbance from mowing has been associated with increases in broadleaf weed cover in other studies. Canada thistle, a problematic species for roadside managers, has been found to respond to mowing with increased stem counts (59) and growth of new plants (60) . The same is true for many other biennial and perennial species that continue to grow after being mowed (11, (47) (48) (49) (50) ; some with increased vigor in response to the disturbance (25, 26) . Further spread of weeds can come from the transport of broken root segments, stolons, and rhizomes (27) or introduction of seeds (61) by mowing equipment. This introduction of weedy plants, coupled with shifts in dominant species due to defoliation from mowing (22, 25, 26) , changes in light intensity (62) and the creation of bare ground (25) , can allow for the spread of weeds along road corridors.
Grass Height. Success of grass height regulation was evaluated based on the length of time that grass remained under the maximum height required for safety. Grass was shortest in herbicide treatments during Month 1 and Month 2, and in T8 during Month 3 and Month 4. T8 was the only treatment to receive the end of year mowing cycle. It therefore had the shortest grass at the end of the growing season even though the herbicide treatments provided the longest lasting grass height regulation.
No differences were seen among herbicide treatments; therefore, the prediction that treatments containing imazapic would provide added height regulation was not supported. Herbicide treatments kept grass height at or below 38 cm (15 in) for three months. While this was above the 30 cm (12 in) recommendation by agencies such as the Missouri DOT and Nebraska Department of Roads, it was still below other recommendations of 45 or 56 cm (18 or 22 in) (51) . In contrast, the early season mowing cycle (in T7 and T8) saw grass height increase from the 20 cm (8 in) cutting height to 43 cm (17 in) in just two weeks. The late season mowing cycle (in T8), however, increased only 8 cm (3 in) in two weeks and only 25 cm (10 in) in the six weeks after mowing. Therefore, herbicide provided the overall best regulation over grass height.
Because the results of the early season mow were short-lived, multiple mowing cycles would be necessary to provide the same height control that just one application of herbicide provided. Inclusion of herbicide in an IVM program for grass height could therefore increase the length of time between mowing cycles. While grass height may be a management concern in certain areas, the need for grass height regulation through either mowing or herbicide is dependent on the species present (54) and precipitation (51). (24) . In addition, management plans that utilize only one tool often have limited success, worsening the weed problem and requiring additional management (21, 22) . Incorporation of multiple management tools as part of an IVM program has helped state agencies reduce roadside vegetation costs (63, 64) .
Management Implications
Based on INDOT management records in 2010, a single cycle of in-house mowing cost $64.32 per mi. ($39.77/km) for a 10 foot (3 m) swath. This included all costs (i.e., vehicles, gas, maintenance, labor, and time off) and is based on the average district utilizing four workers, one truck, and three mowers. In comparison, herbicide application costs $36.67 per mi. ($22.79/km) for a 10 foot (3 m) swath based on the use of three people, one herbicide sprayer vehicle, and one truck with an arrow board to provide traffic control. The main cost savings come from the reduction in time associated with herbicide application compared to mowing. Sixty miles of roadside can be managed per day with herbicide, compared to 18.5 miles with mowing with current INDOT equipment. However, weather conditions such as wind, humidity, precipitation and temperature limit the timing of herbicide more than mowing.
Safety.
Safety considerations for employees, the public and the environment are important when selecting the proper IVM tool. Mowing has been described as the most hazardous form of vegetation management because the slow speed and frequency of mowing puts maintenance crews near traffic for extended periods of time (23) . Broadcast herbicide, on the other hand, can be applied to areas faster than with mowing and needs fewer annual cycles, thereby limiting the amount of time management crews and motoring public come in contract. Maintenance crews also remain in vehicles during application and can reach places that would be difficult with a mower such as slopes, guard rails, and cable rail (65) . From an environmental perspective, heavy consumption of fossil fuel along with high levels of pollutants in mower exhaust make mowing a less appealing option than some other management tools.
Herbicides introduce chemicals into the environment that can cause undesired off-target effects. When registering a pesticide, the EPA considers data on how the chemical affects wildlife and aquatic organisms, non-target insects, plants, the environmental fate of the chemical, the residual chemistry, and spray drift potential (66). Spray drift and water contamination are the two main off-site concerns. Selection of proper spray nozzles, addition of drift control additives, and application during favorable weather conditions will help roadside managers control drift. Knowledge of the herbicides' interaction within the environment will also help limit soil and water contamination (67) .
The newer chemistries in this study (metsulfuron methyl, aminopyralid, and aminocyclopyrachlor) have all been recommended as having low dose rates, low toxicity to mammals, and a favorable environmental profile (68) (69) (70) (71) (72) . However, all have potential for drift and for groundwater contamination, especially in areas with highly permeable soils or where the water table is shallow. 2, 4-D has been used in the United States since the 1940's and it has been reported that some weed species have developed a resistance (56-58).
Weather.
Weather conditions such as temperature and precipitation can alter management needs and the effectiveness of management tools. In April and May 2011, heavy rains and flooding delayed herbicide application. High temperatures and a summer long drought began in June 2011. While these extremes were unfortunate from a research standpoint, they also represent a challenge for real world application. Certain herbicides require precipitation in order to percolate into the soil where they can be taken up by roots; heavy rain may cause others to leach through the soil or wash off of plants before they can become effective. Utilizing herbicide as a management tool may require prioritizing herbicide application so that it can be applied during the proper weather conditions. In addition, mowing during a drought, or when soil and plants are wet can also damage vegetation.
In general, vegetation grows more slowly and there are fewer and less vigorous weeds when soil moisture is limited during drought conditions. In many instances, mowing cycles can often be reduced or eliminated during these times (51). This not only reduces management cost, but also does less damage to desirable turf. Application of herbicides during droughts is also unlikely to be beneficial. The herbicides used in this study were all systemic, meaning they had to be translocated from the point of contact to the target areas within the plant in order to have an effect. However, during times of water-stress, movement of water and sugar, and therefore herbicide, is limited.
Evidence of reduced herbicide efficacy under dry conditions is well documented (73-75).
The drought of 2011 began approximately a month after herbicide application, allowing herbicides to affect plants prior to water-stress conditions. However, drought likely reduced reemergence of weeds and limited grass growth. Therefore, our observations of broadleaf efficacy and grass growth regulation of all treatments might have been different if plants had not been water-stressed.
Herbicide Selection.
All six herbicide treatments in this study showed a similar ability to reduce broadleaf weeds and regulate grass growth, and therefore could be recommended for roadside vegetation management. Still, recommendations can be made in herbicide selection based on this study. Since all herbicide treatments had similar trends in grass height over time, the addition of imazapic (a PGR added for increased grass growth regulation in T1, T3 and T5) may not be necessary. T2 (Milestone/Escort) and T4 (Perspective) showed the same amount of growth regulation as treatments T3 (Milestone/Escort/ Plateau) and T5 (Perspective/Plateau). In treatments without imazapic, the broadleaf control herbicides provided adequate grass height regulation for the 2011 growing conditions. Omitting the additional PGR may reduce some cost and also reduce risk of misapplication. However, in areas where broadleaf weeds have been managed and are minimal, application of an herbicide mainly designed for grass growth regulation can help limit mowing cycles and could therefore help reduce vegetation management costs.
It was also noted that T6 (Viewpoint/Streamline) showed more turf discoloration than the other treatments. This discoloration was temporary and mostly apparent in the southern sites. Most vegetation managers that witnessed this effect believed that the discoloration was still acceptable. Perspective (T4 and T5), which contains the same active ingredient (aminocyclopyrachlor) as Viewpoint and Streamline, did not have the same discoloration issues. We therefore suggest using Perspective over our treatment of Viewpoint and Streamline.
Conclusion
While mowing is currently the dominant form of roadside vegetation management, this study shows that mowing does not provide the desired control over grass and broadleaf species and is more expensive than an IVM approach (Table 2. 2). Differences in treatments can be seen in the photographs taken throughout the study (Figure 2 All herbicide treatments decreased the prevalence of broadleaf weeds and provided grass growth regulation, thereby eliminating many of the aesthetic and height issues associated with broadleaf weeds. This reduction in broadleaves can help eliminate or reduce costly and ineffective mowing cycles by creating roadside that is predominantly grass. Broadleaf cover in herbicide treatments was reduced rapidly and remained low for 12 months, with visible results still seen after 24 months. Therefore, herbicide offered weed control not only in the year applied, but also for the two following growing seasons Although no numerical data was collected at Month 24, pictures show the reduced broadleaf presence in herbicide treatments compared to mowing treatments (Figure 2.10) .
Furthermore, this study shows that early season mowing yields short lived results for height regulation. Grass only took two weeks to return to the height prior to the mow; an increase of over 7 inches in two weeks. In comparison, grass only grew one to three inches in two weeks when cut later in August after most grasses have gone to seed. This suggests that INDOT, and other agencies managing vegetation, would see cost benefits from delaying the first mowing cycles until later in the growing season. While there are certain areas that may not be able to forgo mowing until later in the season, height would likely not be an issue along many stretches of roadside.
Grass heights in areas receiving no management (i.e., controls) reached a maximum height of 30 inches in Month 2 and then decreased in height as the plants became dormant during the heat of the summer. Although 30 inches is above the recommended safety height for many state agencies (51) , it may be acceptable in areas where line-of-sight is not a major safety concern and broadleaf weeds have been controlled. Overall, if vegetation managers desire to cut costs, the main goal should be reduction of mowing cycles.
Steps to achieve this goal include: 1. focus on eliminating broadleaf weeds through broadleaf control herbicide 2.
delay the first mowing cycle until after grass has gone to seed 3.
reduce the number of standard annual mowing cycles 4.
mow only areas that require height management for safety 5.
reduce full-width mowing 6.
use PGR when additional grass regulation is needed 
NATIVE SPECIES AS AN ALTERNATIVE TO TRADITIONAL NON-NATIVE ROADSIDE VEGETATION
Introduction
Over the past few decades, many transportation agencies have been moving towards native vegetation as a sustainable, environmentally suitable and cost-effective alternative to traditional roadside turf species (65, (76) (77) (78) (79) (80) . Transportation agencies benefiting from lowered maintenance costs can be found throughout the country (78, 79, 81) . For instance, Iowa's program for roadside prairie establishment and restoration (41) has led to a 70% to 90% reduction in herbicide cost, as well as decreased costs for mowing and brush control (77) . Delaware has reduced annual mowing cycles from eight down to one or two through the incorporation of native meadow grasses and forbs with the Enhancing Delaware Highways program; a savings of $2610 to $3045 per acre per year (42) . Cost benefits come from the reduction in long-term maintenance costs when utilizing native vegetation.
Native grasses and forbs are capable of tolerating a wide range of environmental conditions and are presumably adapted to the local environment. Native warm-season grasses (NWSG) make up a large component of most native plantings in the Midwest. These grasses get their name because they gain the most biomass during the hottest months of the summer, typically June through August. On the other hand, most traditional roadside turf species (e.g., fescue and Kentucky bluegrass) are cool-season grasses which grow in spring and fall but become dormant during summer months (82) . NWSG are well adapted to high light, hot temperatures and drought conditions (52, 82) , in part due to differences in photosynthesis compared to cool-season grasses (52) . Also, NWSG roots can extend one and a half meters (5 ft) or more into the soil to access water and nutrients that other plants cannot (83) . Drought resistance and adaption to local environmental conditions help make NWSG a cost effective and environmentally suitable vegetation option for transportation right-of-ways.
Native Vegetation as Part of an IVM Plan
Like any tool in an IVM plan, the success of planting native species requires knowledge of site conditions, planting limitations, and growth requirements of desired species (84) . Soil, weather, and geology can differ drastically along short stretches of road (80) . Even subtle differences may be important when selecting which native plants will be most successful (34) .
Vegetation along roadside is divided into multiple management zones that run parallel to the road; each having different growing conditions and requirements for safety and maintenance. The shoulder or clear zone of a roadside includes vegetation at the edge of the pavement that must be kept short for the safety of motorists and maintenance operators. Next to the shoulder lies the ditch zone that collects runoff, followed by the backslope that adjoins the right-ofway to neighboring properties (77) . The shoulder often contains the weediest species that are able to tolerate the continuous disturbance from both maintenance and traffic (34) , and often has poor soil and growing conditions. The shoulder and backslope tend to dry out during the summer, and thus require the most drought tolerant plants. Ditches, on the other hand, often contain species that can handle being partially submerged in water for at least part of the year (83) .
Because these zones have different environmental conditions (e.g., soil type and climate), they require different management techniques (80) , and provide suitable habitat for different species (83) . Selecting the proper species for different zones on the roadside will help provide the best complex of vegetative cover and the most success managing against weed invasion. Once established, native species require little upkeep, which reduces the need for roadside mowing and herbicide.
Environmental Benefits
According to the Federal Highway Administration, native plant communities are often the best defense against invasive plants, reducing both the management and environmental concerns associated with these weeds (85) . Such concerns include high maintenance costs, invasive weed encroachment into surrounding natural areas, or misapplication of herbicide. The shorter root systems of exotic grasses conventionally planted on roadside are thought to have led to erosion and sediment loading. The longer root systems of many native species, on the other hand, can mitigate these issues, as well as improve soil and water quality (85) .
Native roadside plantings can create insect (37,38) and wildlife habitat (6, 40) , and create corridors connecting fragmented habitats (6,39) that allow plants, insects and wildlife to disperse between areas that would have otherwise been cut off from each other. Although, increased animal habitat near roadside may cause concerns for motorist safety, studies have shown that tall vegetation and reduced mowing do not increase deer-vehicle collisions (86) . In fact, continual mowing may increase vegetation palatability (87, 88) . Therefore, increasing native vegetation and reducing mowing may actually decrease deer foraging near road edges.
Objectives
The These native planting projects differ greatly by location, planting densities, planting techniques, preparation and management, as well as their ultimate success.
The development of recommended planting procedures specific to Indiana, with an associated IVM plan, would benefit INDOT's long-term roadside management goals. In this study, native species mixes were planted on Indiana roadsides and their establishment and growth were assessed. The primary goal was to provide information that could lead to reductions in maintenance costs, enhance roadside aesthetics, and reintroduce native species into the landscape. The specific objectives of this research were to:
1. Assess the establishment success of four native planting treatments on INDOT-managed roadside. These treatments were western wheatgrass only (T1), a tall prairie grass mix (T2), a short prairie grass mix (T3), and a mix of short grass and forbs (T4). Determination of successful planting was based on percent cover of planted species and plant density at or above the designated success threshold for one year old plantings as suggested by the USDA Natural Resource Conservation Service (NRCS), university extension publications, and other land management reports. It was predicted that the western wheatgrass-only treatment (T1) would reach the greatest plant density during the one-year time frame of this study. Western wheatgrass is commonly used in mitigation because it establishes quickly. It was also the only cool-season grass in our study. While warm season grasses offer many benefits, they tend to establish more slowly than coolseason grasses. 2. Evaluate how site conditions (e.g., climate, weed presence, and soil) affect establishment success of the treatments. It was predicted that the longer growing season in the southern region of the state would result in a higher density of established native species than found at northern sites. Similarly, it was predicted that southern sites would also have the greatest overall vegetative cover, including weeds and other unplanted species. Finally, it was predicted that sites with high nitrogen content or those high in silt and clay would have greater establishment of planted species. 3. Evaluate native planting costs and potential savings from an IVM planting plan based on INDOT management costs.
Methods
Site Selection
Native plantings were installed at six sites throughout the state of Indiana; one in each INDOT district (Figure 3.1 ). Sites were distributed latitudinally and longitudinally to identify regional differences in treatment success due to climate or competition with weedy species. A total of 15 acres (6 hectares) were planted across the state, with individual sites ranging from 1.7 to 3.2 acres (0.7 to 1.3 hectares). Sites were located in medians, intersections, interchanges, and other large, level sections of right-of-way. All of the plantings were located beyond the shoulder and ditch area to provide safe access during planting and data collection.
Site Preparation and Planting
To prepare sites for planting, we attempted to kill existing plant species in order to facilitate establishment of the planted species by reducing competition for resources. On two dates, existing vegetation was sprayed with a broadcast application of glyphosate at a rate of two quarts per acre (5. Planting occurred during the last week of June 2011. Planting had been scheduled for May, but this was delayed by heavy rains and flooding. All planting was done with a Truax Flex II Drill that was calibrated to ensure proper seeding depths and rates as defined by the Truax Company.
Treatments
Four treatments were studied (Table 3 .1); each treatment was replicated three times at each site. Native species selection and seeding density (i.e., planting rate) for each treatment were based on seed costs, seed availability and suggestions from vegetation managers. Densities of individual species were selected to give each treatment a density of 30 seeds per square foot (98 seeds/m 2 ); T4 was the exception with 28 seeds per square foot (92 seeds/m 2 ).
Vegetation Inventories
Vegetation inventories were conducted three months after planting (September 2011) and one year after planting (July 2012). Five permanent sampling points were established within each plot. The number of individual plants for each native species was recorded for each species rooted within a 1-m 2 hoop placed at each sample point. The maximum height and a visual estimate of percent cover were also recorded for all species present in the sample points. Planting sites were evaluated by the percent cover of the following categories: N Native species: this category included all species that were in any of the native planting treatment mixes. In a few instances, native species from one treatment were found within a different treatment. This may have been a result of seed dispersal from germinated plants.
N Weeds: this category included any species not found in the planting treatment mixes. Some non-planted species found at the sites were problematic invasive species that would require weed management (e.g., Canada thistle) while others would likely be acceptable in a roadside planting (e.g., fescue). Since this study focuses on how well the native species established and competed, all nonplanted species were grouped together as 'weeds'. N Bare ground: a visual estimate of the percent of ground that had no vegetation.
Soil Sampling
Soil samples were collected with a one-inch diameter soil corer and slide hammer, to a depth of 15 cm or reasonable rejection (i.e., the depth at which the soil corer was no longer capable of deeper penetration). Three samples were taken at each site. These samples were used to determine the concentrations of carbon and nitrogen in the soil, as well as soil texture.
Results
Density of native species (both percent cover and number of individual native plants) was lower than desired at three months after planting (end of the growing season in September 2011) and one year after planting (July 2012). Bare ground was prevalent during the 2011 season but was filled in by weeds the following season.
Three Months After Planting
At the end of the first growing season, the majority of the research area was bare ground (81%), followed by weeds (17%), and then by native species (2%). T4 had the greatest cover of planted species out of all treatments. The Fort Wayne District had the highest cover of planted species of all sites, having at least twice as much as any other site. The amount of bare ground and weed species varied between sites (Figure 3.2) .
One year After Planting
The majority of the research area was weeds (65%), followed by bare ground (29%), and then native species (6%). Weeds were the main concern at plantings sites with five of the six sites having over 60% cover of weed species (Figure 3.2) . The weediest treatment varied by ) and pounds of pure live seed per acre (PLS-lb/ac). Costs per pound of pure live seed ($/PLS-lb) and cost of seed per acre ($/acre). Metric measurements given in parenthesis.
site and therefore no treatment consistently performed better at preventing weed emergence.
Native species were analyzed based on both percent cover ( Figure 3 .2 and Figure 3. 3), as well as the number of individual native plants that sprouted (Table 3. 2). Sites showed differences in overall success of plantings. The percent cover of native species was highest in Vincennes, Fort Wayne and Seymour (7-12%; Figure 3 .2). As would be expected, these three sites also had the greatest number of native plants (Table 3 .2a). Differences in treatments were also apparent. T4 and T1 had the greatest percent native cover with an average of 10% and 7% across all sites (Figure 3.3 insert) , but the treatment with the greatest native species cover varied by site (Figure 3.3 ). Forbs were responsible for the majority of the native percent cover in T4; however, this was due to the large amount of forb cover in the Fort Wayne and Vincennes sites.
When comparing the number of individual native plants that sprouted in each treatment, T1 was the most successful treatment (2.9 plants/m 2 ) followed by T4 (1.8 plants/m 2 ). T1 therefore had more native plants sprout, but T4 covered a greater area due to the large area an individual forb plant occupies compared to that of a grass plant. Site differences were also seen in individual native species including western wheatgrass, little bluestem, Indiangrass, lanceleaf coreopsis, partridge pea, and blanket flower (Table 3 .2b).
Soil Texture, Carbon and Nitrogen
Soil carbon and nitrogen concentration, as well as the ratio of carbon to nitrogen (C:N) differed among sites (Table 3. 3). However, none of these differences were predictors of native plant density, weed density, total vegetation, or bare ground. Although the two sites with the greatest native plant density also had the highest nitrogen concentrations, Seymour had the third highest native density but the lowest nitrogen concentration. Therefore no relationship between nitrogen concentration and native plant density was seen in this study.
Planting sites were on loam, silt loam, and loamy sand. Of the soil texture variables, percent silt was the only predictor of native plant density, including the number of natives and native percent cover. Sites with the highest native density were all silt loam soils; however, percent silt ranged from 31.2% to 47% at those sites.
Discussion
The objectives of this study were to assess the establishment of the native planting treatments on INDOT roadside, evaluate how site growing conditions affected these treatments, and evaluate planting costs. Overall, native plantings were less successful than expected, with only one of the treatments, and only two of the sites exceeding the lowest of the seedling density thresholds suggested for establishment. Two years of drought along with inadequate weed control likely contributed to the low establishment. Suggested native plant density needed for a successful native warm season grass stand vary, but it is generally accepted that two healthy plants per square foot (20/m 2 ) will lead to a successful stand in the majority of cases (94) (95) (96) . One plant per square foot (10/m 2 ) may also be considered successful (95, 97) , while one plant per two square feet (5/ m 2 ) will likely succeed but may need to be replanted (97) . According to the USDA Natural Resource Conservation Service (NRCS) webpage on Establishment and Management of Native Prairie, a minimum of 0.25 seeded plants per square foot (2.7/m 2 ) can be considered a successful prairie planting but notes that prairies may take two to five years to establish. With an overall average native plant density of less than 2/m 2 in July the year after planting, few of our treatments or sites met the threshold to be deemed successful plantings. However, there was some indication that all treatments continued to improve beyond that time at some of the sites.
Treatment Establishment
As predicted, the western wheatgrass-only treatment (T1) had the highest density (number of individual plants) of planted species of all the treatments. With an average of 2.9 plants per square meter, T1 was the only treatment to meet establishment guidelines; however, it was only successful based on the lowest establishment threshold of 2.7 plants per square meter set by the NRCS. Only six of the treatments at individual sites were above the NRCS density threshold (T1 in Greenfield, Fort Wayne, and Seymour, T3 in Seymour and Vincennes, and T4 in Vincennes), two of which were also above the five plants per square meter threshold (T1 in Fort Wayne and T4 in Vincennes).
Low cover of native species during the first or second season of planting is not uncommon in native planting studies (79, 80) . In the Midwest, native warm season prairie grasses direct most of their energy into extensive root systems during the first growing season. This investment in root systems helps increase drought tolerance (83) , but delays the establishment of above ground shoots, leading to sparse cover of native vegetation during the first two years. For this reason, plantings may appear to have failed during their first or second growing season, but usually exhibit a substantial increase in cover by the third year (20, 43, 78, 79, 90, 98) .
The low density of our plantings in the year following planting suggests that most sites and treatments are not likely to develop into successful native plant stands. However, informal visual observations during the third growing season suggest that that some sites are now successful; in particular the Fort Wayne site. A couple things can be taken away from this: native planting studies need to be followed into the third growing season or longer, and further study of establishment, planting density and management are needed for plantings that occur in drought years.
Growing Condition/Site Differences
The only sites with average native plant densities above the 2.7 plants per square meter suggested by the NRCS were Fort Wayne (2.75 plants per square meter), and Vincennes (2.85 plants per square meter). Many factors influenced the success of our native plantings, including growing conditions during the first year, site preparation and site characteristics. Understanding how each of these influence the potential success of a planting site is an important part of IVM.
3.4.2.1 Climate. Indiana, stretching 280 mi (451 km) from north to south, has a gradient of climate conditions (growing season length, temperature, and precipitation) from the northern to the southern portion of the state. The growing season in Indiana ranges from 155 days in the northern part of the state to 185 days in the south. Because warm season grasses take longer to establish, it was predicted that the longer growing season in the south would lead to higher native plant density. Although the two southern sites had the first-and third-greatest native plant density, the northern Fort Wayne site had the second greatest.
Water availability is one of the most important factors determining plant cover and composition (83) . Although drought tolerant, native grasses still require adequate soil moisture in order to successfully establish from seed. Weather conditions in 2011 and 2012 were not favorable for plant establishment throughout the whole state, making it difficult to assess regional differences. Planting dates were originally scheduled for May in order to provide a longer growing period during the first year of planting; however, heavy rains and flooding delayed planting till the last week of June 2011. Subsequently, in July 2011, there was a severe drought, with less than 50% of the normal annual precipitation during the rest of the growing season. Therefore, seedlings likely did not get the adequate moisture needed to germinate, or germinated and then died. A second year of drought, with rainfall below 25% of normal during the first several months of the 2012 growing season, further limited growth.
Drought has been documented as a contributing factor in other native roadside plantings that resulted in low plant density. A native roadside study planted during a two-year drought in Wisconsin grew little during the first years (80) . Five years after planting, cover in the plots remained below 50%, but had continued to increase every year. Out of the twentytwo species planted in the Wisconsin study, little bluestem, side oats, black-eyed Susan, lance-leaf coreopsis and coneflower did well, while purple prairie clover, sky blue aster and Indian grass were not successful. In comparison, the most successful species for our study were western wheatgrass, little bluestem, sideoats grama, black-eyed Susan, Illinois bundle flower, lanceleaf coreopsis and partridge pea, while purple prairie clover, sky blue aster and Indian grass were not (Table 3 .2).
Weeds.
It was predicted that southern sites would have the greatest cover of weed species since the growing season in the southern portion of the state may allow more time for weed species to re-emerge after herbicide application. While weedy species were prevalent at all of our sites the year after planting, the cover of weed species varied between the two southern sites. Vincennes had the second-greatest percent cover while Seymour had the least cover of weed species (Figure 3.2) . Because native species take time to establish, native planting sites can be overrun with invasive species and other early successional weeds that compete for nutrients, water and light. Poor preparation leads to an abundance of weeds that must be managed after planting (83) and is cited as a reason for limited success in other studies (80) .
All of the sites would have benefited from more site preparation. Deep thickets of dead plants increased the difficulty of drilling seeds into the soil in some areas and required planting depth adjustments to compensate. The abundant plant litter at the time of planting likely decreased light availability for the new seedlings and prevented some precipitation from reaching the soil, potentially intensifying effects of the drought on soil moisture.
Sites were prepared for planting with herbicide in a similar manner to that used successfully in other native planting studies (83, 93) . This shows that site-by-site evaluation is needed before planting begins. While our two rounds of herbicide application might have been successful under some conditions, they were not adequate at the sites we used. Site preparation options other than herbicide exist. Some studies suggest tilling or disking prior to planting as a useful tool to bury weeds (83) . Others studies advise against these methods because they disrupt the soil, potentially cause more weeds to germinate, increase erosion, deplete soil moisture, and remove organic matter (84) . Planting in the fall also may help natives compete with weedy vegetation (83).
Soil.
It was predicted that sites with the highest silt and clay content, as well as those with the highest nitrogen concentration would have the most native species; however, neither of these qualities determined vegetative cover of natives, weeds, or total vegetation. Sites with the highest native density were all silt loam soils, and percent silt was the only soil characteristic that was a predictor for native establishment, with higher silt percentages correlating with higher native plant density. Although there was no correlation between nitrogen and native plant density, the two sites with high nitrogen content had the greatest density of native species. The high nitrogen content at Fort Wayne and Vincennes suggests that they had fertile soil which likely contributed to their relatively high native plant density. The Seymour site had the lowest soil nitrogen content of any site (Table 3. 3) suggesting lower soil fertility. This may help explain why the Seymour site had twice as much bare ground of any other site. However, while the Seymour site had less overall vegetative cover (native and weed species), it had the third-greatest density of native species.
Management Zones.
Although all seed mixes were planted within the backslope zone, some of the seed mixes would likely be appropriate for different zones (Figure 3.4) . For instance, western wheatgrass and the short grass mix could be appropriate for shoulders as they are shorter species and would present little visual restriction. Western wheatgrass establishes quickly on degraded sites and is therefore commonly used for erosion control and reclamation. Forbs should be planted were they offer the most aesthetic appeal. Tall grass species could be planted further away from the road edge, so that they did not block line-of-sight, or could be utilized as a visual barrier (i.e., in medians) when beneficial.
Cost Analysis
Seed costs for the three grass-only mixes (T1-T3) were fairly comparable, ranging from $128 to $133/ha ($52/acre to $60/acre) ( Table 3 .1). T1 was the only treatment to meet the suggested plant/m 2 density threshold, and therefore offered the best establishment for the cost. However, informal visual observations in the third growing season suggest that T2 and T3 may also have a high enough plant density to be deemed successful at a few sites, especially at the Fort Wayne District site. Future vegetation inventories will be necessary and may change grass treatment cost assessments.
The short grass and forb treatment (T4) cost approximately four times more than any of the grassonly treatments (Table 3 .1). Although the forb treatment had the greatest overall percent cover of any treatment (Figure 3.3) , it had only the second greatest plant density. In addition, based on density thresholds, forbs were only successful at the Vincennes site and marginally successful at the Fort Wayne District site (Figure 3.3) . Partridge pea, lance-leaf coreopsis, and Illinois bundle flower were the most successful species. The most expensive species, sky blue aster, was not found during vegetation inventories. The second most expensive, perennial lupine, was recorded but its presence was much lower than other less expensive species. Therefore we would suggest limiting use of these species unless other field tests suggest they would succeed in the desired area.
Although not part of our study, another area near the research plots deserves discussion. A forb seed mix was planted (including some of the same forb species as T4) at high density in areas bordering the experimental plots at the Vincennes District site in order to enhance aesthetic appeal since this site was in public view. Exact seeding density was not calculated because these borders were not part of the research area, but it was at least 5 times the density of forbs in the T4 treatment.
One year after planting, percent cover and plant density data were collected from five sample points within each of the four border rows. At 80% cover, density of native species in these border rows was higher than in any of the research treatment plots, suggesting that seeding densities in the treatments were too low for a drought year and should be increased in future studies. This also may suggest that dense stands of forbs provide better competion with weed species than sparse native grasses during the first few years of planting. Weed cover in border rows was only 8%. In comparision, weeds made up 69% of the T4 plots and 66% of the grass-only plots (T1-T3). The exact cost of seeding these borders is impossible to determine because the exact seed density and species is unknown. However, since the cost of T4, excluding grasses and the expensive lupine and sky blue aster species, was $48.45/acre ($119.70/ha) we estimate that the cost of these boarder areas was five times that cost.
The value of forbs in roadside native plantings is debated in the literature. As seen with the border areas around the Vincennes District site, forbs may offer good weed control when planted at high enough rates. However, some studies suggest not adding forbs unless they are desired aesthetically (20) . A main concern with forbs is that their presence tends to decline over time, causing the need to replant with expensive seed (99, 100) . The addition of native forbs also limits control options such as broadcast herbicide, or these desirable forbs are ultimately killed when broadleaf weed treatments are required.
Planting costs are dependent on species and seeding density. As was done with our border areas, managers sometimes plant seeds at high densities to increase the density of germinating plants, but this also greatly increases seed costs. More research should therefore be conducted on multiple planting rates of both grasses and forbs and the resulting costs.
The cost of seeds is a main concern for many state agencies; however, in Indiana, INDOT has an in-house native seed program with three seed farms and a greenhouse (45) , and additional seed harvesting is coordinated by the Department of Correction Works (101) . This greatly reduces the cost of seed to the state. With over 800 acres planted since INDOT's native seed program began, plantings across the state have reduced maintenance needs according to INDOT maintenance records. One such example is wildflower plantings on the section of SR-231 between I-70 and U.S. 40 . Had this area stayed on the traditional maintenance schedule, it would have likely been mowed two to three times per year. Instead, it has only needed to be mowed twice in the past eight years.
Conclusions
Two sites (Vincennes and Fort Wayne) and one treatment (T1) met the desired establishment threshold of 2.7 plants per square meter (Table 3. 2). Some seed mixes performed well only at certain sites, showing the need for selecting seed mixes based on location. The highest density of native plants was seen in T1 at the Fort Wayne site, and T4 at the Vincennes site; both having above five plants per square meter. Success of certain native vegetation can be seen from photographs taken throughout the study (Figure 3 .5, Figure 3 .6, and Figure 3 .7).
Low native density was likely the result of a combination of inadequate weed management and weather conditions. This study highlights the importance of weed management both prior to planting and during the first few years after planting. It also shows the problems associated with invasive roadside plant species. Two years of drought also decreased establishment at all of the sites. Further research into weed control methods and planting densities is needed, especially pertaining to drought years.
Although sparse cover of native planted species may be attributed to weather and weeds, poor native cover during the first and second season is frequently reported in studies of native warm season grasses. Because natives can take three or more years to establish, these planting sites should continue to be Figure 3 .5 Photographs of T1 (western wheatgrass-only) one year after planting with clear planting rows visible. T1 had the highest native plant density and was the only treatment to meet establishment guidelines. T1 was most successful in Greenfield, Fort Wayne (top) and Seymour (bottom) Districts. The differences in weed cover is also apparent between the two pictures, with the Seymour site having more bare ground and less non-planted species. monitored to see if native cover increases over the next few years. Although no data was collected in the 2013 growing season, visual observations suggest that establishment has increased at certain sites during the third growing season. Data collection in future years will help determine the success of these plantings.
